Although activation of the STAT3 pathway has been associated with tumor progression in a wide variety of cancer types (including ovarian cancer), the precise mechanism of invasion and metastasis due to STAT3 are not fully delineated in ovarian cancer. We found that pSTAT3 Tyr705 is constitutively activated in patient ascites and ascites-derived ovarian cancer cells (ADOCCs), and the range of STAT3 expression could be very high to low. In vivo transplantation of ADOCCs with high pSTAT3 expression into the ovarian bursa of mice resulted in a large primary tumor and widespread peritoneal metastases. In contrast, ADOCCs with low STAT3 expression or ADOCCs with STAT3 expression knockdown, led to reduced tumor growth and an absence of metastases in vivo. Cytokines derived from the ADOCC culture medium activate the interleukin (IL)-6/STAT pathway in the STAT3 knockout (KO) cells, compensating for the absence of inherent STAT3 in the cells. Treatment with HO-3867 (a novel STAT3 inhibitor at 100 p.p.m. in an orthotopic murine model) significantly suppressed ovarian tumor growth, angiogenesis and metastasis by targeting STAT3 and its downstream proteins. HO-3867 was found to have cytotoxic effects in ex vivo cultures of freshly collected human ovarian cancers, including those resistant to platinum-based chemotherapy. Our results show that STAT3 is necessary for ovarian tumor progression/ metastasis and highlight the potential for targeting STAT3 by HO-3867 as a therapeutic strategy for ovarian cancer.
INTRODUCTION
Ovarian cancer is the most lethal gynecologic malignancy and fifth overall in terms of female cancer deaths in the United States. 1, 2 Metastasis is the major factor governing patient survival and accounts for 80-90% of all ovarian cancer deaths. [3] [4] [5] Thus, the control of ovarian cancer metastasis is the ultimate challenge in saving lives of patients diagnosed with ovarian cancer, as metastasized disease is often referred to as a situation in which 'the horse has left the barn'. The presence of ascites has been directly correlated to the peritoneal spread of ovarian cancer. [6] [7] [8] Although the combination of these two factors is associated with a poor prognosis, the expression of oncogenic proteins and growth factors in ascites and their effects on the ovarian tumor metastatic microenvironment remain poorly understood. Among these factors, the STAT3 oncogene is of particular interest to our group as we have found constitutive expression of pSTAT3 Tyr705 in ovarian cancer patient ascites.
Activation of STAT3 is known to contribute to the aggressiveness of ovarian cancer, promoting cellular proliferation as well as the resistance to chemotherapeutic drugs. 9, 10 However, the exact role of pSTAT3 expression levels in ovarian cancer patient ascites, invasion and metastasis is not yet well defined using a relevant, pre-clinical tumor model. In this study, we used STAT3 knockdown/overexpression models to show that STAT3 is necessary for ovarian tumor progression and metastasis. We also used an orthotopic ovarian tumor growth and metastasis model to demonstrate the selectively cytotoxic potential of HO-3867, our novel STAT3 inhibitor. We have previously developed, and reported, a novel class of diarylidenyl-piperidone (DAP, HO-3867) based, bifunctional compounds capable of selectively targeting STAT3 [11] [12] [13] and inhibiting ovarian tumor growth in a xenograft model. [14] [15] [16] Synthetic small molecules, natural compound analogs and synthetic peptides have been used to develop an inhibitor of STAT3 capable of decreasing STAT3 expression and inhibiting tumor growth. 17 Curcumin analogs (LLL12 and FLLL32), and synthetic peptides (APT-125) have been evaluated for their ability to inhibit STAT3 activity in vitro and anti-tumor efficacy in vivo in a xenograft model. [18] [19] [20] [21] However, the efficacy of those STAT3 inhibitors have not been confirmed with a pre-clinical model (such as orthotopic ovarian tumor) or in an ex vivo drug testing model. This is the first study to show that STAT3 is necessary for ovarian tumor progression/metastasis and that pSTAT3 Tyr705 is highly expressed in ascites fluid obtained from patients with ovarian cancer. We also report the unique activity of the STAT3 inhibitor HO-3867 against ovarian cancer. Previously, no commercially available STAT3 inhibitor has shown efficacy using an orthotopic tumor model. In addition, most small-molecule STAT3 inhibitors do not reach their target sites. However, in this study we report the efficacy of HO-3867 against ovarian cancer, using a novel orthotopic mouse model as well as ex vivo tissue culture technique. Further, we note a higher accumulation of HO-3867 in ovarian tumor tissues. Our results highlight the role of STAT3 in ovarian tumor growth and metastasis as well as the therapeutic potential of targeting STAT3 by HO-3867, using a relevant orthotopic mouse model. 
RESULTS

Isolation and characterization of ascites-derived cancer cells
We collected the ascites fluid from 20 different patients with highgrade serous ovarian cancer patients after signed consent. The ascites-derived ovarian cancer cells (ADOCCs) attached to the bottom of the plates in the first 12 h and the cells were allowed to multiply thereafter. The ADOCCs (A195) displayed a typical cobblestone appearance under the light microscope ( Figure 1a) . The ADOCCs were confirmed for their epithelial origin by immunocytochemistry using Pan cytokeratin; 99% of the cells were pan CK positive (Figure 1b , representative for A195). We then evaluated the cells for pSTAT3 expression, 90-95% of the cells displayed accumulation of pSTAT3 Tyr705 (Figures 1c and d) . The localization of pSTAT3 705 varies widely in different cells like predominantly cytoplasmic in ADOCCs ( Figure 1c ) and nuclear in TR-127 (Figure 1d ). Additional (immunocytochemistry) confirmation of ascites from multiple patients is shown in Supplementary  Figure S1A . On western blot analysis of protein expression by ADOCCs, pSTAT3 Tyr705 was constitutively expressed in a majority of samples, whereas pSTAT3 Ser727 was not (Figure 1e ). Out of the 20 different patient ascites collected and analyzed, 18 had high pSTAT3 expression. Enzyme-linked immunosorbent assay (ELISA) array analyses of total STAT3 and pSTAT3 on ascites, primary tissue and metastatic sites also confirmed this variable pattern of expression. Levels of total STAT3 and pSTAT3 expression in metastatic sites were higher than in the primary tumor sites of ovary ( Figure 1f ; Supplementary Figure S1B ). mRNA expression was analyzed using real-time quantitative PCR (RT-qPCR) for STAT3 and its target genes of cyclin D1, cyclin D2, VEGF, IL-6 and VEGFR2, relative expression levels of ascites from different patients in Supplementary Figure S1C . The exception was sample A263, which showed no pSTAT3 Tyr705 expression, in contrast, the highest pSTAT3 Tyr705 expression was noted in sample A352. The samples with the lowest (A263) and highest (A352) levels of pSTAT3 expression were each further evaluated with a migration assay and an analysis of expression of pSTAT3 target genes. A352 exhibited a much higher rate of cell migration, relative expression of c-MYC, VEGF, MMP-2,9 and survivin as compared with A263 (Figures 1g and h ). Taken together, these findings suggest that increased STAT3 expression renders a kind of migration advantage to the ascites, which may assist in the spread of disease to other organs. To further evaluate these findings in vivo, we injected ADOCCs with the highest and lowest STAT3 expression, respectively, into mouse ovaries. As the ADOCCs could not be cultured beyond passage 3, we created a STAT3 overexpression (OE) cells using the A2780 ovarian cancer cell line, which was confirmed by western blot (Figure 1i ). The OE cells, when injected in mice, displayed a very large ovarian tumor as well as distant metastases invading the mesentery, peritoneum and the liver ( Figure 1j) ; implying that constitutive expression of STAT3 is involved in ovarian tumor migration and metastasis. The tumor weight was significantly higher in STAT3 OE transplanted mice compared with wild-type (WT) tumor (Figure 1k ). When we checked the pSTAT3 705 expression level in the tissues from organs collected from the STAT3 OE and A2780 WT mice, we found that a consistent high level of pSTAT3 705 was maintained in the primary ovarian tumor as well as the metastasized sites in the former case but not so much in the latter case (Supplementary Figure S1D) . The STAT3 OE construct, hence provides the initial 'kick' to the STAT3 expression, which continues to self-sustain itself through the lifetime of the mouse.
Effect of shRNA STAT3 knockdown in ovarian cancer Although in vitro studies have shown that knocking down STAT3 by short hairpin RNA (shRNA) inhibits the growth of the CAOV3 ovarian cancer cell line, 22 still there is no clear evidence on the role of STAT3 in tumor growth and metastasis. Therefore, it would be interesting to observe the effect of knockdown of STAT3 on cell/ tumor growth and migration/invasion behavior. We used a shRNA approach for STAT3 knockdown in A2780R cells, which was confirmed by western blot (Figure 2a ). Cell growth assays of the knockdown cells showed a growth decline within the first 24 h when compared with the WT (Figure 2b) ; the trend continued up to 48 h. As the KO displayed less vigorous growth in culture, we hypothesized that there might also be changes in the wound closure and invasion behaviors of the cells. To confirm this, we performed a wound healing assay, where a monolayer of cells growing on a Petri dish were scratched uniformly and observed at 24 h for their ability to repair the damaged area. The KO cells migrated to~50% of the wounded area whereas the WT cells migrated into 95% of the area (Figure 2c ). The cell invasion assay, which measures the number of cells traversing a porous membrane, also revealed blocked invasion of cells for KO as compared with the WT cells (Figures 2d and e) . This was further confirmed at the mRNA level using RT-qPCR to check the relative expression of genes related to angiogenesis, cell survival and cell proliferation. The KO showed decreased STAT3 (6-fold), VEGF (8.4-fold), cyclin D2 (1.5-fold), Akt (1.6-fold), c-myc (3-fold), ATF2 (3.6-fold) and survivin (2-fold) (Figure 2f ). Taken together, these A263 lacked pSTAT3 705 expression and A352 had a higher STAT3 expression compared with samples from other subjects; these two samples were used for subsequent experiments. (f) Ascites fluids, samples from primary ovarian tumor and metastatic sites in different patients were collected; protein extracted from these samples was subjected to pSTAT3 and total STAT3 ELISA assays. Primary ovarian tumor and the metastasized sites had shown the highest levels of pSTAT3 Tyr705 expression. (g) The cells with higher (A352) and lower (A263) STAT3 expression were subjected to wound healing assays in order to understand the correlation between STAT3 expression level and migration capability. The top panels show the plates at 0 h after scratch and the bottom panels show the migration pattern after 24 h. The cells over-expressing STAT3 (A352) migrate and close the gap within the first 24 h (bottom right) while the cells with lower STAT3 expression (A263) do not (bottom left). (h) RNA was extracted from the higher STAT3 (A352) and lower STAT3 (A263) expression ascites and subjected to real-time PCR after reverse transcription. As is evident from the figure, the STAT3-associated genes were expressed at higher levels in the cells expressing higher levels of STAT3 (A352). The experiment was repeated 3 times with four replicates per sample. **Over the bars in the graph indicates a P-value ⩽ 0.005. STAT3 expression in ovarian cancer metastasis U Saini et al results suggest that deleting STAT3 inhibits the expression of a number of genes responsible for cell survival, migration and invasion. These findings were further evaluated in vivo. The WT and KO cells were injected into the right ovarian bursal cavity of nude mice (Supplementary Figures S2A and B) . Tumor mass was decreased in the mice injected with the KO cells ( Figure 2g ). The measured tumor weight for the KO was five times less than that for the WT (Figure 2h ). These results add support to the role of STAT3 in tumor progression and its ability to regulate the expression of different genes.
STAT3 in supernatant from ADOCCs is responsible for reinstating 'virulence' in the knockdown cells When it became apparent that STAT3 has an important role in ovarian cancer progression and metastasis, we wished to better understand whether this STAT3-mediated 'virulence factor' was inside or outside of the cells. To investigate this, we collected the medium used to culture ADOCCs (conditioned medium) and treated the A2780 WT and KO cells with this medium. Wound healing assays showed that the addition of supernatant restores the migration capability in the knockdown cells and it was observed that 75-80% of the gap was filled within the first 24 h ( Effect of HO-3867 on orthotopic ovarian tumor using established and primary ovarian cancer cell population We used an established ovarian cancer cell line (SKOV3) and a primary ascites-derived ovarian cancer cell line (TR-127) for injection into the ovarian bursa of mice. The orthotopic mouse model was developed to resemble human ovarian cancer and provide relevant insight into treatment strategies. Tumor implants were monitored by magnetic resonance imaging (MRI) for tumor growth and progression. We used HO-3867, a novel STAT3 inhibitor developed by our lab, to treat the ADOCC and SKOV3 orthotopic ovarian cancer model. On the basis of previous work from our lab, 14 50 and 100 p.p.m. doses were administered orally to the tumor-bearing mice. As platinum-containing agents are a mainstay of ovarian cancer treatment, we compared cisplatin (CP 4 mg/kg, intraperitoneally (i.p.) twice weekly), with HO-3867. Figures 4d and e) . Untreated mice also had a large amount of ascites compared with the HO-3867-treated mice (mean 900 μl vs 75 μl P ⩽ 0.0005, Figure 4f ). We also measured the bioavailability of HO-3867 in multiple organs in the orthotopic mouse model. Tissues from ovaries, kidneys and livers from control (untreated) and HO-3867-treated mice were collected and prepared for electron paramagnetic resonance (EPR) analysis as described previously. 23 A substantial amount of HO-3867 was detected in the ovarian tumor, kidney and liver tissues using EPR spectroscopy (Figure 4g; Supplementary Figure S3D ). In addition, HO-3867 and its chief metabolites were confirmed using liquid chromatography-mass spectroscopy (LC-MS) at various treatment time points in the ADOCC mice (Supplementary Table 1 ). A substantial amount of HO-3867 was detected in ovarian tumor tissues as well as ADOCCs using EPR and LC-MS, suggesting that oral supplementation of HO-3867 reached the targeted tumor site. Animals treated with HO-3867 did not show any signs of weight loss or decreased dietary consumption compared with significant decrease in both measures for mice treated with CP (Supplementary Figure S3C) . HO-3867 also demonstrated minimal nephrotoxicity compared with CP (Supplementary Figure S4A) . The hematoxylin and eosin (H&E) staining showed that the HO-3867 selectively induces necrosis in tumors (Supplementary Figure S4B) . Our results suggest that HO-3867 is a selectively cytotoxic and safe anti-cancer drug for ovarian cancer.
HO-3867 inhibits ovarian tumor metastasis through the down-regulation of STAT3 We observed the presence of numerous metastatic tumors at various sites within the peritoneal cavities and livers of the orthotopic ovarian tumor model mice at the time of sacrifice (Supplementary Figures S5A and B) . (Figure 5b ). Although our previous reports have demonstrated that HO-3867 specifically targets STAT3 and inhibits ovarian tumor growth, this is the first study where we investigate the therapeutic efficacy of HO-3867 using an orthotopic ovarian tumor model with metastasis. We performed IHC, immunofluorescence and western blot analysis of tissues obtained from untreated control and treated mice. The expression of VEGF, which is directly regulated by STAT3, also decreases upon treatment (Figure 5c; Supplementary Figure S5C ). Ki67 and Cyclin D1 also decrease after treatment (twofold decrease with CP and fourfold decrease with HO-3867) as compared with the untreated controls (Figure 5d ; Supplementary Figure S6 ). The number of TUNEL positive cells and Caspase-3 shows a fivefold and sixfold increase, respectively, after treatment with either CP or HO-3867 (Figure 5d ). Decreased Cyclin D1, Bcl-2 and pSTAT3, and increased total and cleaved caspase-3 were also noted by western blot of mice tumor tissues (Supplementary Figure S5C) . To directly test the anti-angiogenic activity of HO-3867 in vivo, mice were implanted subcutaneously with Table 1 shows STAT3 and its major target proteins related to anti-apoptotic, angiogenesis, and cell proliferation processes which are modulated in HO-3867 treated samples as compared with the untreated controls.
Effect of HO-3867 in ex vivo human ovarian tumor ascites and tissues Having confirmed the anti-tumor effects of HO-3867 on an orthotopic mouse model, we additionally explored the possibility of testing it on ex vivo human ovarian cancer samples. HO-3867 and CP (10 μM) were each administered for 24-72 h. The STAT3 inhibitor significantly suppressed cell survival in A195 cells (Figure 6a , additional ascites cell lines-A352 and A204 in Supplementary Figure S8) . Further, we procured ovarian cancer tissues from patients undergoing cyto-reductive surgeries.
Uniform 300 μm sections of the tumor tissue were treated with either HO-3867 or CP for up to 72 h at the indicated concentrations (1.5, 10 and 20 μM; schematic explanation, Supplementary Figure S9 ). H&E staining of tumor tissues was performed after tumor samples were sectioned into 300 μm thick sections using a vibratome and placed into media in the presence or absence of the indicated drugs for 72 h followed by sub-sectioning into 4 microns sections (Figure 6b ). H&E staining for the ovarian cancer tissue without any treatment or post treatment with HO-3867, CP and STATTIC (commercially available STAT3 inhibitor), displayed an intact cells structure and glandular architecture in the untreated controls at 0 and 72 h. In contrast to this, there was noticeable cell detachment from the extra-cellular matrix and vacuolated atypical nuclei in all treatments conditions (Figure 6c ; Supplementary Figures S10, and 11A and B) . The HO-3867-treated tissues showed a marked decrease in pSTAT3 and VEGF along with an increased TUNEL and 8-OHdG-positive cells post treatment as compared with the untreated tumor tissue (Figure 6d ; Supplementary Figure S12 ). Additionally, there was a significant decrease in the relative mRNA expression levels for STAT3 (45.5%) and its associated genes VEGF (57.7%), BCl2 (70.9%), Cyclin D1 (64.2%) and Cyclin D2 (77.4%) (Figure 6e ). These results, further suggest that HO-3867 is a potent anti-cancer drug that acts through a STAT3-mediated mechanism.
DISCUSSION
The important findings of this study are: (i) pSTAT3 Tyr705 is constitutively expressed in patient ascites, promoting tumor invasion and metastasis, (ii) in vivo studies have shown that STAT3 knockdown reduces tumor growth and metastatic potential, suggesting that STAT3 is required for ovarian cancer progression and metastasis, (iii) the STAT3 inhibitor HO-3867 significantly suppresses ovarian tumor growth and metastasis in an orthotopic tumor model, (iv) HO-3867 is effective in patient tissue cultures in which STAT3 is highly expressed. Ovarian cancer mortality has not significantly decreased during the past 25 years. 24 Among the reasons for this, there has been a poor understanding of ovarian tumor biology, particularly the expression of oncogenic proteins as well as the interactions with the surrounding tumor microenvironment. Some recent studies have recently found that malignant ascites enhances tumor cell proliferation and migration. 7, 25 The presence of LPA in ascites has been shown to promote tumor cell proliferation and migration. 12 We have found that constitutive STAT3 expression is present in metastatic tumors from our orthotopic mouse as well as in human metastatic ovarian tumor samples. Other groups have recently reported that the STAT3 cascade mediates upregulation of MMP-2 in SKOV3 and OVCAR-3 cells, which thereby contributes to the invasiveness and metastasis of these ovarian cancer cell lines. 26, 27 Our current and previous data strongly suggest that malignant ascites have a significant role in facilitating ovarian cancer migration/invasion and metastasis through the activation of oncogenes.
Our in vivo studies show that the level of STAT3 expression directly correlates with the extent and severity of the disease, as the mice injected with ascites with higher pSTAT3 Tyr705 for cellular transformation and/or for tumor survival and growth of lymphoid cells by a deregulated tyrosine kinase. 28 Another group has shown, using a similar approach, that STAT3 is causes transformation and growth of skin tumors induced by chemical carcinogens. 29 The findings from new mouse model described in our present study further supports the tumorigenic role of STATs in cancer.
We found that STAT3 (Tyr705) was constitutively activated (yet pSTAT3 (Ser727) was not) in patient ascites and ascites-derived ovarian cancer cells. This is consistent with prior studies that showed that tyrosine phosphorylation is more important than serine phosphorylation in the activation of STAT3. 30 In addition, the elevated levels of IL-6 and TGF-β secreted by the ascitesderived cancer cells into the medium; mediate the activation of STAT3 in STAT3 knockdown cells. The persistent STAT3 activation by IL family proteins such as IL-6, 8 and 11 induces tumorigenesis through affecting the epithelial cells. [31] [32] [33] The exact mechanism by which the expression and regulation of STAT3 plays a role in ovarian cancer migration/invasion in patient ascites cells remains unclear. Possible mechanisms for the higher STAT3 expression found in ovarian cancer ascites cells may be (a) direct interactions with stromal cells, (b) stromal cell-produced cytokines and (c) a phosphatase receptor kinase such as S1PR1, a regulator of STAT3 transcription via the JAK/STAT pathway. A recent study has found that S1PR1 is capable of activating STAT3 through JAK2 tyrosine kinase. 34 In addition, we have reported that S1PR1 is highly expressed in hypoxic ovarian cancer cells. 35 Whether STAT3 activity regulates S1PR1 in high-grade ovarian cancer cells via a positive feedback loop remains to be determined.
Small-molecule novel STAT3 inhibitors hold promise as effective targeted therapies for various cancers, including ovarian cancer. Although several STAT3 inhibitors suppress tumor growth in preclinical models, 36 thus far none are currently used in the standard treatment of any cancer. Potential reasons for the lack of STAT3 inhibitors in the treatment armamentarium for ovarian cancer include the absence of a clinically relevant model to demonstrate their efficacy 37 as well as difficulties in reaching the target organ. 17, 38, 39 Hence, evaluating novel STAT3 inhibitors using a better orthotopic tumor model, which more closely mimics the clinical presentation of disease and metastatic progression, is essential. The present study found that the STAT3 inhibitor HO-3867 effectively suppressed tumor growth progression and metastasis through the inhibition of STAT3 in both established and primary ovarian cancer cell orthotopic tumor mouse models. Previous evidence indicated that blocking STAT3 signaling with a small molecule inhibits tumor metastasis and prolong survival of tumor-bearing mice. 40 In addition to quantifying the bioavailability of HO-3867, we have also confirmed that this novel STAT3 inhibitor preferentially targets tumor tissue compared with normal tissue. Cytotoxic anti-cancer agents are notorious for poor bioavailability, low solubility in aqueous solutions and low potency. 23, 41, 42 Although the naturally occuring curcumin as well as the synthetic small-molecule STAT3 inhibitors have shown cytotoxicity in various cancer cells by blocking STAT3 signaling, 17, 39, 43, 44 their clinical implementation has been hindered by relatively low potency and limited cell permeability. 41, 42, 45 In contrast, the oral bioavailability of HO-3867 and selective absorption into tumor tissue represents a substantial advancement in the application of small-molecule STAT3 inhibitors as unique anti-cancer agents for ovarian cancer.
To provide a more relevant model to replicate human ovarian cancer, we used ex vivo human ovarian cancer tissue cultures to test the therapeutic efficacy of our novel STAT3 inhibitor. The general procedure of ex vivo cytotoxic drug evaluation, undertaken concurrently with phase I trials in vivo, could enable targets for phase II trials to be identified more rapidly. 46 We have shown that ex vivo organotypic short-term culture of tumor represents a simple method by which the STAT3 pathway targeted by HO-3867 can be rapidly studied with respect to the native heterogeneity of the patient's tumor.
Our study has found that constitutive expression of STAT3 in malignant ascites has a role in ovarian tumor progression and metastasis. The STAT3-selective targeting agent HO-3867 inhibits of tumor growth and promotes apoptosis both in vivo and ex vivo, suggesting that HO-3867 has promise as a novel agent for the treatment of ovarian cancer.
MATERIAL AND METHODS
Culture of ascites
Fresh ascites were collected from patients undergoing surgery after informed consent and in accordance with the OSU IRB rules. The ascites were cultured in T75 flasks in RPMI medium in a ratio of 20:20 (v/v). The cells were allowed to stick for 24 h after which the contents of the flask are removed and replaced with fresh RPMI medium. The cells were allowed to grow to a 100% confluency before freezing them in liquid nitrogen for further use and were called as ADOCCs. They were named by de-identified patient numbers as provided by the OSUMC as A179, A183, A202, A195, A263, A352 and A204. The ascites were analyzed for the percent composition of cancer cells via flow cytometry and immunocytochemistry using Vimentin and CD14 markers. 47, 48 Cell lines used in the current study In addition to the primary ADOCCs collected from different ovarian cancer patients and cultured as explained above, we used three immortalized high-grade serous ovarian cancer human cell lines: A2780, SKOV3 and TR-127. A2780 is a cisplatin-resistant cell line developed by chronic exposure of the parent cisplatin-sensitive A2780 cell line (ECACC catalog no. 93112519) to increasing concentrations of cisplatin. SKOV3 is another cell line resistant to tumor necrosis factor and several cytotoxic drugs including diphtheria toxin, cisplatin and doxorubicin. The SKOV3 cell line is also able to grow in soft agar, an indicator of transformation and tumorigenicity, and displays a relatively high colony-forming efficiency. In vivo, SKOV3 cells can form moderately well-differentiated adenocarcinoma consistent with primary ovarian cells. The TR-127 cell line, kindly gifted by Dr G. Mor of Yale University, is derived from recurrent, chemotherapy resistant ovarian cancer tissue. The primary reason for using different cell lines was to prove that tumor progression and metastasis patterns vary widely in established versus primary ovarian cancer cell lines isolated from patient ascites cell lines. We also wanted to prove the anti-cancer efficacy of HO-3867 in an orthotopic tumor model using both established and primary ovarian cancer cell lines.
STAT3 knockdown experiments
For downregulation of STAT3 in A2780 cells, a lentiviral system (pGIPZ) with a set of different shRNAs was used (Thermo Scientific). The resultant PBS VEGF (100 ng/ml) VEGF (100ng/ml)+ HO3867 VEGF (100ng/ml)+ DMSO Cell viability by SRB assay ADOCCs viability was determined by a colorimetric assay using Sulforhodamine B (SRB). SRB binds to protein components of cells that have been fixed to tissue culture plates by trichloroacetic acid. SRB is a bright-pink aminoxanthene dye with two sulfonic groups that bind to basic aminoacid residues under mild acidic conditions, and dissociate under basic conditions. As the binding of SRB is stoichiometric, the amount of dye extracted from stained cells is directly proportional to the cell mass. The cancer cells were grown to 80% confluence in 100 mm culture plates, trypsinized, counted and seeded in 96-well plates with an average population of 8000 cells per well and collected for the cell viability assays every 24, 48 or 72 h. All experiments were done using six replicates and repeated at least three times.
Development of orthotopic tumor model
Established cell line SKOV3 or TR-127 (3 × 10 6 cells in 100 μl of PBS) were injected into the ovarian bursa of 6-week-old BALB/c nude mice from the National Cancer Institute. In vivo MRI imaging was done periodically to check upon the tumor growth. After sacrifice, the tumors were measured using a Vernier caliper and weighed in order to get tumor weight, mass and volume. In the therapeutic study groups were treated using the HO-3867 compound mixed with the animal feed (Harlan Teklad) at two different levels (50 and 100 p.p.m.). The tumor volume was measured at the 5th week, 35 days after the beginning of HO-3867 treatment, the mice were sacrificed and the tumors were resected. The tumor tissues were then subjected to immunoblot analysis, TUNEL assays and histopathology experiments. Some of the tumor tissues were snap frozen in liquid nitrogen and stored at − 80°C for the RT-qPCR and western blots.
Ex vivo slice culture. Fresh specimens of human ovarian carcinoma were obtained under an institutional review board approved protocol with the written informed consent of the patients undergoing surgery. Patients were informed about the nature of the experiments related to ex vivo slice cultures and offered the opportunity to participate by consenting to provide residual tissue obtained from surgery for this study including non-tumor tissue. The tissue specimen was rapidly transported to the laboratory on ice, transferred into ice-cold RPMI medium. Living ovarian carcinoma slices (300 microns thick) were generated using a vibrating microtome (Vibratome 1500 series, Vibratome, St Louis, MO, USA) and transferred to tissue culture dishes containing RPMI-1640 more antibiotic and allowed to equilibrate at 37°C for 2 h. 46, 49 Subsequently, slices were transferred to cell culture dishes containing RPMI medium with or without 10 μM dosage for HO-3867 and CP for a 72 h. In our experiments, we utilized 3-5 slices per condition (0.5 cm × 0.5 cm × 300 μm), and over 72 h period which was within the viability period for the slices. At end of treatment period, tumor slices were formalin fixed and paraffin embedded for histological processing and immunohistochemial analysis.
RNA isolation and RT-PCR
Freshly excised tumor tissues were snap frozen in liquid nitrogen and stored at − 80°C in appropriately labeled vials. At the conclusion of the experimental protocol, total RNA was isolated using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA). RNA samples with an optical density A260/A280 ratio between 1.8 and 2.1 were used. RT-PCR was then performed using the Transcriptor First Strand Complementary DNA (cDNA) Proteomic samples were measured in triplicate and means compared using multiple t-tests. Proteins indicated with asterisk (*) met the cutoff for statistical significance with a false discovery rate (q) of 10%. Nominal P-values are presented for reference. Real time-quantitative PCR
The genes studied for their relative genetic expression patterns are provided in Table 1 . Light Cycler 480 SYBR Green I Master Mix (Roche Diagnostics Corporation) was used to analyze 100 ng of cDNA from each experimental condition along with their respective primers ( Table 1) . qRT-PCR was performed using the Light Cycler 480 System (Roche Diagnostics Corporation). Each sample was normalized to the control gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
Evaluate the bio-absorption of DAPs in ovarian cancer cells using EPR. Our previous study showed that cellular uptake of HO-3867 was significantly greater than curcumin. 23 We evaluated the bio-absorption of HO-3867 compounds in ovarian cancer cells and normal hOSE cells using EPR, as previously described.
14 Drug accumulation and metabolism using LC-MS. Cellular uptake of the curcumin analog HO-3867 was analyzed by a liquid chromatography and tandem mass spectrometry (LC-MS/MS) assay. The assay utilizes a Thermo Finnigan TSQ Quantum Ultra triple quadruple mass spectrometer coupled with Dionex LC module, detailed method previously described. 14 
Immunohistochemistry
Fresh-frozen tissue embedded in OCT was sectioned at 5 μm and fixed in phosphate-buffered 4% paraformaldehyde and washed in PBS. The number of cells staining positive was counted by a blinded observer in 5 random 40 × fields and compared by the use of Student t-test. Images were obtained with an Olympus AX70 fluorescence microscope and Spot v2.2.2 (Diagnostic Instruments, Sterling Heights, MI, USA) digital imaging system. Apoptosis was detected in deparaffinized sections of tumor samples by TdT-mediated dUTP nick-end labeling (TUNEL) assay using the in situ cell death detection kit (Roche Diagnostic Corporation).
Invasion assay
The Matrigel invasion assays were carried out using Matrigel precoated inserts (BD Biosciences, San Jose, CA, USA) following the manufacturer's instructions. Six hundred microliters of M200 medium/ RPMI with or without VEGF (20 ng/ml, R&D Systems) was placed in the lower wells. Proliferating A2780 WT as well as A2780 KO cells (5 × 10 5 cells per ml) cells were loaded into each of the upper wells and monitored after 24 h for the migrating cells.
Vascularization of Matrigel Plugs in vivo.
To further characterize antiangiogenetic properties of HO-3867 in vivo, we performed murine Matrigel plug experiments. An unrelated MoAb/PBS was used as a negative control, and VEGF (100 ng/ml) as a positive control. Alternatively plugs containing VEGF (100 ng/ml) were implanted. Matrigel was injected subcutaneously into CB17SC scid − / − female mice, forming semi-solid plugs. The control group was given a normal diet (no treatment) while the experimental groups were treated using the HO-3867 compounds mixed with the animal feed. On day 7, plugs were excised under anesthesia, fixed in PBS-buffered 10% formalin containing 0.25% glutaraldehyde, and were processed for H&E and Masson's Trichrome staining. Vascular identity of the infiltrating cells was established with CD34 immunostaining. The regions containing the most intense area of neovascularization ('hotspots') were chosen for analysis. Eight hotspots were identified for each Matrigel or tumor section. The ImagePro Plus analysis system was used to quantify the percentage of area occupied by the vessel-like structures in each field. The mean ± s.e. from each group were compared. The negative control was obtained.
Statistical analysis
Data are presented as mean ± 1 s.d. To determine statistical significance among groups analysis of variance (ANOVA) was first performed. If ANOVA was statistically significant, the student's t-test was then performed to compare sub-groups, P-value o 0.05 was considered as statistically significant. 
